Traumatic brain injury (TBI), particularly explosive blast-induced TBI (bTBI), has become the most prevalent injury among military personnel. The disruption of cognitive function is one of the most serious consequences of bTBI because its long-lasting effects prevent survivors fulfilling their active duty and resuming normal civilian life. However, the mechanisms are poorly understood and there is no treatment available. This study investigated the effects of adenosine A2A receptor (A2AR) on bTBI-induced cognitive deficit, and explored the underlying mechanisms. After being subjected to moderate whole-body blast injury, mice lacking the A2AR (A2AR knockout (KO)) showed less severity and shorter duration of impaired spatial reference memory and working memory than wild-type mice did. In addition, bTBI-induced cortical and hippocampal lesions, as well as proinflammatory cytokine expression, glutamate release, edema, cell loss, and gliosis in both early and prolonged phases of the injury, were significantly attenuated in A2AR KO mice. The results suggest that early injury and chronic neuropathological damages are important mechanisms of bTBI-induced cognitive impairment, and that the impairment can be attenuated by preventing A2AR activation. These findings suggest that A2AR antagonism is a potential therapeutic strategy for mild-to-moderate bTBI and consequent cognitive impairment.
INTRODUCTION
In the recent conflicts in Iraq and Afghanistan, traumatic brain injury (TBI), especially blast-induced TBI (bTBI) caused by explosive devices, has become the most prevalent military injury and is described as the 'signature injury' of the current military operations. 1 Many of those having persistent neuropsychiatric symptoms caused by bTBI may fail to receive medical attention because the diagnosis is nonspecific and symptoms may be attributed to other psychiatric disorders such as posttraumatic stress disorder. 2 Cognitive dysfunction is one of the most frequent neuropsychiatric disorders after blast exposure. Indeed, there is a growing consensus that blast can produce subtle injuries in the brain and that the psychiatric symptoms exhibited by blast victims have a biologic basis. 3 Yet, little is understood about the mechanisms and diagnosis of bTBI, and still less is known about what treatments are most beneficial for acute neurotrauma and its long-term sequelae.
The adenosine A2A receptor (A2AR) is one of the four adenosine receptors (A1, A2A, A2B, and A3), all of which are G-protein coupled. The activity of A2AR regulates the release of several neurotransmitters, modulates neuronal excitability and synaptic plasticity, and glia function, consequently affecting various behavioral functions including cognition. 4 The A2AR is present in both neurons and glial cells, where it is involved in gliosis and inflammation. Therefore, A2AR is thought to play important roles in modulating various brain insults. 5 Our previous studies have shown that severe whole-body blast exposure causes notable brain injury, including inflammation and gliosis. 6 We have also shown that A2AR inactivation attenuates cerebral injury in a mouse TBI model. 7 We therefore speculated that A2AR deficiency may protect against bTBI-induced neuropathogenesis including inflammation, gliosis, and cognitive impairment.
In this study, we used an A2AR knockout (KO) mouse model to evaluate the effect of A2AR on memory deficit and its neuropathological and molecular correlates in both early and prolonged stages after blast injury. The data we present here provide direct evidence that genetic inactivation of A2AR can ameliorate cognitive impairment and attenuate neuropathological damage induced by blast injury in mice.
MATERIALS AND METHODS Animals
The mice used in this study were from Dr Chen. 5 The A2AR homozygous KO mice and their wild-type (WT) littermates were generated and identified as previously described. 5, 8 Briefly, congenic global A2AR KO mice on a C57BL/6 background were generated by backcrossing global A2AR KO on mixed (129-Steel Â C57BL/6) genetic background to C57BL/6 mice for 13-15 generations. Male mice 2 to 3 months old (weighing 22 to 26 g) were used. The mice were housed and maintained with free access to food and water in a temperature-and humidity-controlled room under a 12-hour light/dark cycle in the Experimental Center of Medical Animal of the Daping Hospital/Research Institute of Surgery, the Third Military Medical University (Chongqing, China). All animal procedures were approved by the Administration of Affairs Concerning Experimental Animals Guidelines of Third Military Medical University. All efforts were made to minimize the number used and animal suffering, in accordance with the ARRIVE guidelines.
Blast Injury Model
The bio-shock tube (BST-I) apparatus was used to produce blast injury as previously described 9, 10 with minor modifications. Unanesthetized mice were placed into individual cages (1 mouse per cage) that were further secured on a metal shelf to restrict movement of their body during a rapid blast impact and to prevent subsequent secondary/tertiary blast injuries. All the cages were positioned at the same vertical plane inside the BST-I bio-shock tube apparatus to ensure equal pressure exposure. The peak positive pressure was 423.3 ± 3.91 kPa and lasted 55.49 ± 1.99 ms. Uninjured A2AR KO and WT mice were used as controls. After being subjected to blast injury, all mice (except those tested for learning and memory function) were killed at different time points (24 hours, and 1, 4, and 8 weeks) to collect tissue samples for further assays.
Morris Water Maze (MWM) Test
At 1, 4, and 8 weeks after blast injury, mice (n ¼ 12 for each WT group and n ¼ 10 for each KO group per test period) were tested for learning and memory performance using MWM paradigms as described previously. 11, 12 The test consisted of three parts: visible cue task, reference memory task, and working memory task. The same cohorts of mice were tested for both reference memory and working memory in each test period (1, 4, or 8 weeks). To avoid repeated testing of the same subjects, separate cohorts of mice were subjected to MWM test at different test period after blast exposure. The schematic representation of method and process for MWM is shown in Figure 1 .
At the beginning of each test period, a 2-day visible cue task (days À 2 and À 1) was used to pretrain mice to escape from the water by locating the 'visible' platform. 12 The platform was made 'visible' by a local cue place directly above the escape platform and was varied between the 2 days. This served to familiarize the mice with the apparatus and procedure, to allow them to acquire the necessary escape response, and to screen out those mice that had trouble in swimming or escape behavior.
The spatial reference memory tests consisted of an acquisition phase (days 1-4) and a probe/retention phase (day 5) as previously described, 11, 13 with minor modifications. (A) During the acquisition phase, the platform was placed in a constant position (in the center of one of the four quadrants). Mice were tested four times per day for four consecutive days. Time spent in finding the hidden platform was recorded as escape latency. Mice failing to find the platform within 60 seconds were guided by the experimenter to the platform, on which it remained for 20 seconds, and was recorded as a latency of 60 seconds. In each trial, each mouse was started at a randomly selected starting point. The intertrial interval was B60 minutes. (B) During the probe phase, the platform was removed. Mice were allowed to swim for 60 seconds. The time the mice spent in searching for the former platform quadrant was recorded to assess retention and retrieval of spatial reference memory.
From days 6 to 8, an adaptation of a four-trial 'repeated acquisition protocol ' 11 was used to test working memory. The platform was moved to a randomly chosen new position every day, but was kept in the same position for all trials on the same day. The mice were placed at the same starting point in all the four consecutive trials of 1 day and were permitted to swim for 60 seconds or until they located the platform. Working memory was measured by escape latency index ((trial 1 À trial 4)/trial 1), i.e., the reduction of escape latency from trial 1 (when the platform was unknown) to trial 4. The interval between trials was 30 seconds.
Neurologic Deficit Scoring
At preblast injury and 1, 3, and 7, days after blast injury, mice were scored for neurologic deficits as described previously: 5, 7 (0) no observable neurologic deficits (normal); (1) failure to extend one of the forepaws (mild); (2) circling to the right or left side of the body (moderate); and (3) loss of walking or righting reflex (severe).
Assay of Glutamate Levels in the Cerebrospinal Fluid
At 24 hours, and 1, 4, and 8 weeks after blast injury, cerebrospinal fluid (CSF) of mice (n ¼ 4-6 per group) was collected for determination of glutamate levels by high-performance liquid chromatography using orthophthaldialdehyde precolumn derivatization and fluorescence detection as previously reported. 14, 15 Determination of Inflammatory Cytokine mRNA Levels
Quantitative PCR was used to analyze the mRNA expression of tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) in temporal cortex and hippocampus of both sides of the brain at 24 hours and 1, 4, and 8 weeks after blast injury (n ¼ 6-8 per group). 7, 15 The relative abundance of the target gene was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the data were expressed as ratios relative to the control. The primers were as follows: TNF-a, forward 5 
Histopathological Evaluation
At 24 hours and 1, 4, and 8 weeks after blast injury, anesthetized mice (n ¼ 3-5 per group) were killed by transcardial injection with saline followed by 4% paraformaldehyde. For immunohistochemistry, coronal paraffin brain sections of 4 mmol/L thickness were incubated with antiglial fibrillary acidic protein (GFAP, 1:1500), anti-aquaporin-4 (AQP4) (1:750), and anti-neuronal nuclei (NeuN, 1:600) diluted in phosphate-buffered saline for detection of GFAP, AQP4, and NeuN, respectively. Sections were then visualized using 3,3 0 -diaminobenzidine. Image Pro Plus 4.5 (Media Cybernetics, Rockville, MD, USA) was used to analyze the results as described previously. 15, 16 The average value was calculated from three to five different mice per group. For hippocampal analysis, three slices per mouse with one field per slice were measured; for cortex analysis, two slices per mouse with four fields per slice were measured. All primary antibodies were purchased from Abcam, Cambridge, MA, USA. All histologic assessments were performed by an observer masked to the grouping.
Western Blot Assays
To evaluate the protein levels of TNF-a, IL-1b, and AQP4 and to investigate the activation of A2AR, western blot analysis was performed (n ¼ 3 to 4) using antibodies against TNF-a, IL-1b, AQP4 (Abcam), adenyl cyclase (AC), and phospholipase C (PLC) (Santa Cruz Biotechnology, Dallas, TX, USA), respectively. GAPDH (Santa Cruz Biotechnology) served as the endogenous control. Image Pro Plus 4.5 was used to analyze the results. The relative quantity of the target protein was normalized to GAPDH.
Statistical Analysis
All data are expressed as mean ± s.e.m. The effects of genotype, day, and genotype Â day interaction in the MWM were determined by two-way analysis of variance (ANOVA). The comparisons of neurologic deficit scores among groups were analyzed by Mann-Whitney U-test. Specific differences between the two genotypes were analyzed using Student's t-test, and differences between two sessions of the same test using paired t-test. All other statistical comparisons between groups were performed by factorial ANOVA followed by Bonferroni's post hoc test. A value of Po0.05 was considered statistically significant.
RESULTS
The A2A Receptor Deficiency Attenuated Memory Impairment Induced by Blast Injury All mice survived during the period of study. On an initial task of MWM for spatial reference memory, both WT-control and KOcontrol mice showed rapid decreases in swimming distance (Supplementary Figure 3A) and escape latency ( Figure 1A ) over the 4 days of training and nearly identical search time in the probe phase ( Figure 1B ), indicating that deficiency of A2AR had little effect on basal reference memory. At 1 week after bTBI, WT mice showed no decrease in escape latency during acquisition phase and search time in the target quadrant in the probe phase that was decreased by 50% compared with control mice, indicating severely compromised reference memory. In contrast, reference memory was relatively preserved in A2AR KO-bTBI mice: they showed a smaller, but still significant, decrease in escape latency compared with KO-control mice. In addition, search time in the target quadrant was significantly longer in KO-bTBI mice than for WT-bTBI mice ( Figures 1A and 1B) . By 4 weeks after bTBI, both parameters of reference memory had returned to normal in KO-bTBI mice, whereas full recovery was seen in WT-bTBI mice until 8 weeks after bTBI ( Figures 1A and 1B) .
In our spatial working memory paradigm, the escape latency index ((T1 À T4)/T1) of the WT-bTBI and KO-bTBI groups was significantly lower than their control groups respectively, for at least 8 weeks, indicating a long-lasting effect of blast injury on Figure 1 . Spatial reference memory (A, B) and working memory (C) impairment were ameliorated in adenosine A2A receptor (A2AR) knockout (KO) mice after blast-induced traumatic brain injury (bTBI). There was no significant difference between wild-type (WT)-control and KO-control groups in the (A) acquisition phase (F(2, 345) ¼ 0.587, P ¼ 0.624, two-way analysis of variance (ANOVA)) and in the (B) probe phase (P ¼ 0.74). (A) There were significant 'genotype Â day interaction' effects on the escape latency between WT-bTBI and KO-bTBI groups at 1 week (F(2, 348) ¼ 5.344, P ¼ 0.001, two-way ANOVA) and 4 weeks (F(2, 348) ¼ 5.67, Po0.001, two-way ANOVA) after blast injury. At 4 weeks after bTBI, escape latency in KO-bTBI mice recovered to the level of KO-control (F(2, 318) ¼ 0.789, P ¼ 0.501, two-way ANOVA). (B) When the platform was removed, search time in the former target quadrant was enhanced in KO-bTBI mice at 1 and 4 weeks after bTBI, compared with the WT-bTBI mice (Po0.01, t-test). Compared with the WT-bTBI group, the KO-bTBI mice exhibited significantly higher escape latency index (C), 'genotype Â time interaction' effect (F(2, 255) ¼ 4.061, P ¼ 0.008, two-way ANOVA), and better recovery amplitude (D) at all three time phases examined, indicating attenuated working memory impairment in KO-bTBI mice. *Po0.001 between the two groups; working memory. Moreover, the KO mice exhibited significantly higher escape latency index at baseline and at all points after bTBI ( Figure 1C ) and a smaller decrease in escape latency index after bTBI ( Figure 1D ) compared with WT mice. Thus, inactivation of A2AR attenuated both extent and duration of bTBI-induced working memory impairment. Although there appeared to be a difference in escape latency index at baseline between WT-control and KO-control mice, two-way ANOVA analysis was used to exclude the effect of this difference on postinjury comparison. It confirmed the greater recovery in KO-bTBI mice than WT-bTBI mice for working memory deficiency. Moreover, indistinguishable swimming speed over the different days in the MWM test The neurologic deficit of the knockout (KO)-bTBI group was significantly alleviated compared with the wild-type (WT)-bTBI group at 24 hours after blast exposure (MannWhitney U-test; n ¼ 64 mice in WT group and n ¼ 60 mice in KO group.) (B) Glutamate levels in KO-bTBI mice were significantly reduced when compared with WT-bTBI mice at 24 hours after blast exposure (n ¼ 6 mice in WT group and n ¼ 5 mice in KO group per time point). (C-H) The A2AR deficiency attenuated and shortened the inflammatory cytokine tumor necrosis factor-a (TNF-a) and interleukin-1b (IL-1b) expression at both mRNA and protein levels. Compared with WT-bTBI mice, increasing of TNF-a at 1 week after bTBI (C, D, G, H) and IL-1b at 24 hours and 1 week after bTBI (E-H) in both hippocampus and cortex were attenuated in KO-bTBI mice (n ¼ 6-8 per group). *Po0.01 between the two groups; (Supplementary Figure 3C) indicated no difference in spontaneous activity between groups and excluded the effect of motor activity variance on the results of memory test.
Genetic Inactivation of A2A Receptor Attenuated Blast-Induced Cerebral Cortical and Hippocampal Lesions Mild-to-moderate neurologic deficit was observed in some of the injured mice in the first 3 days after bTBI, but disappeared by 1 week after blast injury (data not shown). At 24 hours after blast injury, KO-bTBI mice exhibited significantly lower neurologic deficit scores than WT-bTBI mice (Figure 2A ). Glutamate levels in CSF were elevated in both WT and A2AR KO mice at 24 hours after bTBI, declining to baseline by 1 week after blast injury; however, the amplitude of the increase was significantly lower in KO-bTBI mice than WT-bTBI mice ( Figure 2B ). Levels of proinflammatory cytokines were measured as an indicator of neuroinflammation. In WT-bTBI mice, the TNF-a and IL-1b mRNA production were elevated in hippocampus and lateral cortex by 24 hours after bTBI, remained at equal or higher levels at 1 week after injury, and returned to baseline by 4 weeks (except for IL-1b mRNA in the hippocampus, which remained elevated at 4 weeks, returning to baseline by 8 weeks after bTBI). In KO-bTBI mice at 24 hours after bTBI, TNF-a and IL-1b mRNA levels in the hippocampus ( Figures 2C and 2E ) and lateral cortex ( Figures 2D  and 2F ) were elevated to levels similar to those in WT mice. However, levels of both cytokine mRNAs returned to baseline significantly more rapidly in KO-bTBI mice than in WT-bTBI mice ( Figures 2C-2F ). These results indicate that genetic inactivation of A2AR attenuated neurologic deficit and excitotoxicity during the early phase of bTBI and decreased the level and the duration of neuroinflammation. Protein levels of these two inflammatory Figure 3 . Genetic inactivation of adenosine A2A receptor (A2AR) reduced the aquaporin-4 (AQP4) expression after blast injury. Representative photomicrographs of AQP4 immunostaining in (A) prefrontal cortex (PFC) and (B) hippocampal dentate gyrus of wild-type (WT) and A2AR knockout (KO) mice at 24 hours and 1 week after blast-induced traumatic brain injury (bTBI). After bTBI, AQP4 immunoreactivity increased in both regions in WT and A2AR KO mice, with a smaller increase in the A2AR KO. We quantified this result using mean density on express levels of AQP4 immunostaining in PFC (C) and hippocampus (D). (E) and (F) represent AQP4 protein levels by western blot. N ¼ 6 per group. Scale bars represent 50 mm. *Po0.01 between the two groups; D Po0.01 compared with WT control; cytokines assessed by western blot further confirmed the results from mRNA assay.
Brain water content was measured before and after blast injury by the wet-dry method as we reported previously, 14 but no significant differences within groups were observed. We then examined AQP4 protein expression by immunohistochemical and western blot analysis. The results showed that AQP4 expressions in the prefrontal cortex (PFC) and the hippocampal dentate gyrus sector were significantly reduced in KO-bTBI mice compared with WT-bTBI mice at both 24 hours and 1 week after blast injury (Figure 3) , suggesting that A2AR deficiency reduced cerebral edema at both early and late stages.
To explore the effect of A2AR deletion on blast-induced neuropathology, we examined two well-established neuropathological markers at various time points after blast injury.
We used GFAP staining as an indicator of reactive astrocytosis after blast injury. Blast injury induced a strong increase in density of GFAP-immunostained astrocytes and also induced profuse and hypertrophic cytoplasmic extensions in the hippocampal CA1 regions of both WT and A2AR KO mice ( Figure 4A ). However, there was significantly less GFAP staining in KO-bTBI mice than in WT-bTBI mice at both 1 and 4 weeks after bTBI, and GFAP staining returned to baseline in A2AR KO mice, although still present in WT mice at 8 weeks after blast injury ( Figure 4B ). These results indicate that A2AR deficiency reduced the intensity and duration of gliosis after blast injury.
To examine neuronal damage and loss, we looked at NeuN staining in several brain regions. The results showed that the number of NeuN-positive neurons in the temporal cortex and hippocampus CA3 sector reduced significantly in WT-bTBI mice than in KO-bTBI mice at 1 and 4 weeks after blast injury ( Figure 5 ).
Blast injury also resulted in distortion of apical dendrites and shrinkage of neurons in especially the WT-bTBI mice. Moreover, NeuN staining decrease was also observed in hippocampal CA1 region, white matter, and PFC in some of the mice, whereas there were no significant differences between WT and KO mice in these regions. In addition, NeuN staining did not change significantly in thalamus and striatum when comparing bTBI mice with control mice.
Distinct Signaling Pathways Associated with A2A Receptor Were Activated at Different Time Points at Different Brain Regions after Blast-Induced Traumatic Brain Injury To determine whether A2AR was actually activated in the blast TBI model, we investigated two predominant signaling molecules downstream of A2AR, namely AC and PLC. Western blots analysis showed that AC protein production in the hippocampus at 24 hours after bTBI ( Figure 6A ) and PLC production in the cortex at 1 week after bTBI in WT-bTBI mice increased more significantly than in KO-bTBI mice, indicating that A2AR was indeed activated at these time points and that different signaling pathways were involved in the effect of A2AR in different brain regions at different time points of bTBI.
DISCUSSION

Mild-to-Moderate Blast Injury Leads to Impairment of Learning and Memory Functions and Neuropathological Changes
Various animal and human studies have suggested that even mild blast exposure may cause not only structural damage Figure 4 . Genetic inactivation of adenosine A2A receptor (A2AR) reduced astrocytosis after blast injury. Glial fibrillary acidic protein (GFAP) immunostaining (A) followed by semiquantitative analysis (B) revealed that the densities of astrocytes in the hippocampal CA1 regions of both the A2AR knockout (KO) and wild-type (WT) groups increased markedly after blast injury compared with the control groups. However, compared with the WT mice, fewer activated astrocytes were observed in A2AR KO mice, indicating that A2AR deficiency reduced chronic astrocytosis caused by blast injury (n ¼ 4 to 6 per group). Scale bars represent 50 mm. *Po0.01 between the two groups; D Po0.01 compared with WT control; but also functional changes in brains. 3, 17 Here we show that mild-to-moderate whole-body blast injury that does not cause serious immediate visible neurologic deficits leads to long-term cognitive deficits, including impairment of reference and working memory. Notably, impairment of working memory persisted for at least 8 weeks. The long-lasting cognitive consequence of blast injury assessed in this study was longer than that in previous works. 3 Moreover, we found evidence of neuroinflammation, brain edema, increased CSF glutamate, neuronal degeneration and loss, and astrogliosis in the cortex and hippocampus in mice exposed to blast, consistent with the results of previous studies showing that blast injury-induced neurotrauma mimics many clinically relevant features of TBI. 18 Our results support the hypothesis suggested by Cernak et al. 19, 20 that behavioral and psychological changes after cortical injury are the result of afferent hyperexcitability and increased release of neurotransmitters. However, distinct from previous studies using controlled cortical impact injury where injury was localized near the impact site, 21 these results show that blast-induced brain injuries are diffuse, occurring in multiple regions such as temporal cortical, prefrontal cortical and subcortical regions, cerebella, and hippocampus. Both ipsilateral and contralateral sides of the brain are vulnerable. The wide distribution of tissue insult, especially the cortex and hippocampus, may be one reason that the external neurologic motor deficits were relatively minor and transient, whereas the internal neuropsychiatric effects were persistent. Thus, this study offers further support for a correlation between memory dysfunction after bTBI and the appearance of molecular and cellular abnormalities throughout the brain.
Inactivation of A2A Receptor Preserves Cognitive Function and Reduces Secondary Brain Injury in Both Early and Late Stages of Blast-Induced Traumatic Brain Injury
In this study, both the memory impairment and the neuropathogenesis seen in WT mice at short and longer time points after blast exposure were alleviated in A2AR KO mice, suggesting that A2AR deficiency plays a neuroprotective role in both early and prolonged stages of bTBI, in accordance with the results of our previous studies in a TBI model, 7, 22 and other studies in models of acute brain insult and neurodegenerative diseases. 23, 24 Both glutamate excitotoxicity and neuroinflammation have been proposed as possible mechanisms underlying the secondary injury that occurs in TBI. They can interact to trigger a cascade reaction that results in neuronal injury and amplification of brain damage. In the central nervous system, glutamate can be released from presynaptic glutamatergic terminals. The A2AR located at these terminals can directly regulate the amount and frequency of glutamate release and outflow. 25 Our results suggest that the suppression of glutamate level may be responsible for the neuroprotective effect provided by A2AR deletion against bTBI in the acute stage, as has been described in other models of brain injury. 26 Failure to clear the synaptic cleft of glutamate can overstimulate postsynaptic glutamate receptors, promoting neuronal death. 27 In this study, NeuN immunostaining showed that neuronal loss and shrinkage in KO-bTBI mice were significantly reduced at 1 week after blast exposure. This may result from suppression of glutamate release and other toxic reaction and could explain the relative protection of cognitive function in the KO animals.
Neuroinflammation contributes directly to neuronal injury and is targeted as a causative mediator of cognitive dysfunction in acute brain insult and neurodegenerative disorders. Interleukin-1b in particular has been associated with reduced hippocampal plasticity and long-term contextual and spatial memory impairment. 28 Our previous study showed that lack of A2AR significantly suppressed inflammation and neuropathological changes in the acute phase in a mouse TBI model. 7 We also determined that a high local glutamate level switched the effect of A2AR from anti-inflammatory to proinflammatory and aggravated brain injury at 24 hours after TBI in mice.
14 In this study, A2AR deficiency decreased both the amplitude and duration of the increase in IL-1b and TNF-a expression after blast injury. The reduced neuroinflammation may explain why A2AR deficiency not only exerts neuroprotective effects in the early phase after bTBI, but also reduces the progression of neurodegeneration in the late phase, as revealed by NeuN and GFAP staining in cortex and hippocampus. Sustained neuroinflammation is closely correlated with cognitive dysfunction and neurodegeneration. Reactive astrogliosis is considered a hallmark of neuroinflammation 29 and of many neurodegenerative conditions. 30 During the late phase of bTBI, we detected significantly elevated expression of GFAP in astrocytes, combined with characteristic profuse and hypertrophic cytoplasmic extensions on astrocytes in the hippocampal CA1 region. These characteristics of astrocytosis were reduced significantly in KO-bTBI mice, consistent with previous findings showing that A2AR deficiency reduces astrocytosis in primary astrocytes 31 in vitro and in a sciatic nerve injury model. 29, 32 Normal astrocytes provide essential services for brain homeostasis and neuronal function, including metabolic support for neurons, glutamate uptake and conversion, and regulating water balance by altering the level of AQP4 expression. Aquaporin-4 is the most abundant and the main water channel mediating water movement Figure 6 . Signaling of adenosine A2A receptor (A2AR) activation after blast-induced traumatic brain injury (bTBI). Western blot after semiquantitative analysis showed that adenyl cyclase (AC) level in hippocampus increased more significantly at 24 hours after bTBI (A) and that phospholipase C (PLC) level in cortex increased more significantly at 1 week after bTBI (B) in wild-type (WT) mice than that in knockout (KO) mice, respectively. It revealed that A2AR was stimulated to trigger different signaling pathways at different time points after bTBI in different brain regions (n ¼ 3 to 4 per group). *Po0.05 between the two groups; **Po0.01 between the two groups; in the brain. Abnormal astrocytes contribute to the formation of edema and make neurons vulnerable to neurotoxins including proinflammatory cytokines, resulting in further injury to neurons, thus accelerating neurodegeneration and cognitive dysfunction. We found in this study that AQP4 expression in the PFC was significantly attenuated in KO-bTBI mice than in WT-bTBI mice, indicating that disturbed water balance and edema is regulated by A2AR. We also found that pyramidal neurons in the hippocampal CA3 sector were noticeably shrunken and condensed, and there was a significant decrease in number of cortical neurons, suggesting compromised neuronal function. This apparent neuronal loss and damage may translate into memory deficit. Interestingly, this neuronal damage was significantly decreased by inactivation of A2AR. We speculate that both the inhibition of the secondary injury in the early phase and astroglial response in prolong stage of bTBI may lead to the improved behavioral outcomes including retention of learning and memory functions in A2AR KO mice.
In addition, cerebrovascular insults are considered an important contributor to blast-induced brain injuries. Also, adenosine A2AR plays significant roles in regulating cerebral blood flow (CBF) by producing vasodilatation and increasing CBF. 33, 34 Given that bTBI can induce hypotension and ischemia, activation of A2AR may exert protective effect by increasing CBF. On the contrary, because increased CBP may promote intracranial hypertension, inactivation of A2AR may also exert protective effect by inhibiting CBP. This is particularly too compounded to explain in this study but is needed to be elucidated in our future work.
Moreover, although only mild-to-moderate brain injury was observed in this model, peripheral organ (such as lung) injury was evident. Because blast-induced neurotrauma may be affected by local and cerebral as well as systemic responses including peripheral organ damage and blood surge, 35 ,36 systemic responses could not be excluded when discussing the impact factors of bTBI. The effects and the underlying mechanisms also need further investigations.
Inactivation of A2A Receptor Alleviated Blast-Induced Traumatic Brain Injury-Induced Impairment of Spatial Reference and Working Memory Our results showed that bTBI significantly impaired both reference and working memory; however, the effect on working memory was much more persistent. Performance on the reference memory task returned to normal in WT mice by 4 weeks, whereas working memory was still impaired at 8 weeks after bTBI, the longest time point we examined. The A2AR deficiency was protective against bTBI-induced effects on both types of memory, decreasing both the degree and duration of memory impairment. Our results are consistent with previous pharmacological and genetic studies suggesting that A2AR activity modifies the spatial memory process in models of injury and disease in rodents. 37, 38 Deficits in memory functions are at the core of pathophysiology for many neuropsychiatric disorders. 39 The development and consolidation of long-term reference memory is mainly dependent on the hippocampus, whereas the failure of working memory performance is a major factor in cognitive malfunction related to disturbed network activity in the PFC and integrity of other regions such as the temporal cortex, hippocampus, basal ganglia, and thalamus. In this study, blast exposure resulted in diffuse multiregion damages to brain tissue. This may explain the long-lasting deficit in working memory and the long-term effect of A2AR deficiency on working memory rather than reference memory.
Interestingly, we found that A2AR inactivation still exerted a beneficial effect on working memory at 8 weeks after bTBI, even though there were no obvious neuroinflammatory or neuropathological changes at this time point. This suggests that there may be some unknown mechanisms involved in the protective effect of A2AR inactivation during late stages of bTBI. In a previous study using a TBI model, we found that inactivation of A2AR signaling is compensated by upregulation of A1R expression that may result in endogenous adenosine acting predominately at A1R to result in neuroprotection. 7 In blast model in the present study, we investigated the possible signaling pathways (AC and PLC) associated with A2AR in vivo. The results suggested that different signaling pathways were involved in the effect of A2AR in different brain regions at different time points of bTBI. Additional studies are needed to elucidate the underlying signaling transduction mechanism involved in the bTBI model.
Furthermore, caffeine, the most widely consumed stimulant all over the world, is a nonselective adenosine receptor antagonist. Previous experimental and clinical studies have suggested that chronic caffeine treatment exerts neuroprotective effects in TBI by antagonizing A2AR 15 and that higher caffeine levels in CSF predicting a better clinical outcome in TBI patients. 40 In summary, these data suggest that treatment with an A2AR antagonist (such as caffeine) is a promising therapeutic and prophylactic strategy for mild-to-moderate bTBI and consequent cognitive impairment. Our results also suggest that inhibiting or reversing brain insult as early as possible may be an effective way to improve the longterm neuropathological and behavioral outcomes of bTBI.
